A variety of chemically, clinically or environmentally important analytes are now routinely monitored using ion-selective electrodes based on an impregnated polymeric membrane. 1 In recent decades, many intensive studies on the design and synthesis of highly selective and sensitive ion-carriers as sensory molecules for ion-selective electrodes (ISEs) have been reported. In spite of the successful progress in designing of highly selective ionophores for various metal ions, there are only a limited number of reports on the development of highly selective and sensitive ionophores for cobalt. [2] [3] [4] [5] [6] [7] [8] [9] The salts of cobalt have applications, such as charges for electroplating baths, and as highly effective dryers for lacquers, enamel and varnishes. Cobalt is an essential ingredient in animal and plant diets. It has been shown that animals deprived of cobalt show signs of retarded growth, anemia, loss of appetite, and decreased lactation. Dressing the topsoil of pastures with cobalt increases the cobalt content of the vegetation. Cobalt is now known to be necessary in the synthesis of vitamin B12 in domestic animals than ruminants. A lack of vitamin B12 has also been linked to anemia in human beings. 10 Thus, the fast, simple, and accurate determination of cobalt in different samples is very important. The most reported potentiometric cobalt sensors suffer from such disadvantages as high detection limits, short linear ranges and significant interferences from many cations (e.g., Na + , K + , Cu 2+ , Zn 2+ , Ni 2+ and Fe 2+ ).
Introduction
A variety of chemically, clinically or environmentally important analytes are now routinely monitored using ion-selective electrodes based on an impregnated polymeric membrane. 1 In recent decades, many intensive studies on the design and synthesis of highly selective and sensitive ion-carriers as sensory molecules for ion-selective electrodes (ISEs) have been reported. In spite of the successful progress in designing of highly selective ionophores for various metal ions, there are only a limited number of reports on the development of highly selective and sensitive ionophores for cobalt. [2] [3] [4] [5] [6] [7] [8] [9] The salts of cobalt have applications, such as charges for electroplating baths, and as highly effective dryers for lacquers, enamel and varnishes. Cobalt is an essential ingredient in animal and plant diets. It has been shown that animals deprived of cobalt show signs of retarded growth, anemia, loss of appetite, and decreased lactation. Dressing the topsoil of pastures with cobalt increases the cobalt content of the vegetation. Cobalt is now known to be necessary in the synthesis of vitamin B12 in domestic animals than ruminants. A lack of vitamin B12 has also been linked to anemia in human beings. 10 Thus, the fast, simple, and accurate determination of cobalt in different samples is very important. The most reported potentiometric cobalt sensors suffer from such disadvantages as high detection limits, short linear ranges and significant interferences from many cations (e.g., Na + , K + , Cu 2+ , Zn 2+ , Ni 2+ and Fe 2+ ).
Recently, we have reported on a number of sensors for transition and heavy metal ions. [11] [12] [13] [14] [15] [16] [17] [18] In this paper, we introduce a highly selective and sensitive cobalt sensor based on a new oxime compound (OXCCD) as an excellent ion carrier for the selective determination of cobalt ions.
Experimental

Reagents
Reagent-grade benzyl acetate (BA), dibutyl phthalate (DBP), o-nitrophenyloctylether (o-NPOE), oleic acid (OA), sodium tetraphenyl borate (NaTPB), tetrahydrofuran (THF), and high relative molecular weight PVC were purchased from Merck chemical company and used as received. The nitrate salts of the cations used (all from Merck) were of the highest purity available, and were used without any further purification, except for vacuum drying over P2O5. Doubly distilled deionized water was used throughout.
Synthesis of ion-carrier
The OXCCD was synthesized in two steps, as follows: Step 1. Synthesis of 1-(2-oxocyclohexyl)-1,2-cyclohexanediol: in a 250 ml balloon, 8.9 g (25 mmol) of 2-cyclohexencyclohexanone, 40 ml of acetone, 10.126 g (75 mmol) of Nmethylmorpholine-N-oxide (NMO), 7.0 ml of water, and 0.200 g of osmium tetroxide were added. The reaction mixture was mixed for 3 days. To this solution, 8.0 g of sodium pyrosulfite and 80 ml of dichloromethane were added over 2 h. The resulting mixture was filtered. The precipitate was washed with dichloromethane. The crude product (1-(2-oxocyclohexyl)-1,2-cyclohexanediol, OXCCD) was purified by column chromatography, using petroleum ether (bp: 40 -60˚C). The ether used as an eluent gave OXCCD as a white solid (yield 46% 
Preparation of electrodes
Membrane solutions were prepared by thoroughly dissolving 7.0 mg of the ionophore OXCCD ( Fig. 1) , 57.0 mg of o-NPOE, 33.0 mg of PVC and 3.0 mg of NaTPB in 3 ml of THF. The resulting solution was slowly evaporated until an oily mixture was obtained. A Pyrex tube (5 mm o.d.) was dipped into the mixture for about 10 s so that a nontransparent membrane of 0.3 mm thickness was formed. The tube was then pulled out from the mixture, and kept at room temperature for 1 h. The tube was then filled with an internal solution (1.0 × 10 -3 M CoCl2). The electrode was finally conditioned for about 12 h by soaking in a 1.0 × 10 -2 M cobalt chloride solution. A silver/silverchloride electrode was used as an internal reference electrode.
Potential measurements
All emf measurements were carried out with the following assembly:
A Corning ion analyzer (250-pH/mV meters) was used for potential measurements at 25.0 ± 0.1˚C. The emf observations were made relative to a double-junction saturated calomel electrode (SCE, Philips) with the outer chamber being filled with an ammonium nitrate solution. The activities were calculated according to the Debye-Hückle procedure. 19 
Results and Discussion
Complexation of OXCCD with different cations in an acetonitrile solution
At first, the interactions between the ion-carrier (OXCCD) and different cations were tested. To the best of our knowledge, there is no report on the stability of OXCCD complexes with different cations. Thus, the complexation of OXCCD with a number of common anions was conductometricaly investigated in an acetonitrile solution, at 25 ± 0.05˚C, in order to obtain a clue about the stability and selectivity of the resulting complexes. 20, 21 The resulting molar conductance vs.
mole ratio plots showed the formation of 1:1 complexes between OXCCD and all of the cations investigated. The complex formation constants, Kf, were evaluated by computer fitting of the molar conductance/mole ratio data with appropriate equations. 20, 21 The results are summarized in Table  1 and Fig. 2 . As is obvious, the stability constant of the Co 2+ -OXCCD complex is higher than that of other cations-OXCCD complexes, that including alkali, alkaline earth, transition and heavy metal ions. Thus, it seems that OXCCD can be used as a suitable selective ionophore in constructing a Co 2+ ion-selective membrane electrode.
Thus, in the next experiments, the OXCCD was used as a neutral carrier in constructing PVC-membrane electrodes for a number of metal ions, including alkali, alkaline earth, transition, and heavy metal ions. The potential responses are shown in 
Membrane characteristics
The properties of the membranes, namely the response time, lifetime, selectivity, and chemical stability, depend on the ratio of the electro-active phase and the binder materials. Membranes with different compositions were prepared, and preliminary studies showed that the membrane having a composition of 7.0:3.0:33.0:57.0 of OXCCD L:NaTPB:PVC:o-NPOE gave the best response characteristics ( Table 2 ). The effects of plasticizers (DBP, BA and o-NPOE), additives (NaTPB and OA) and the amount of the ion-carrier on the performance of the membranes were also studied. The results are given in Table 2 . As can be seen, among the three solvent mediators used, o-NPOE with a higher dielectric constant (in the presence of NaTPB 3%) displays the best sensitivity (No. 8). Table 2 shows that the membranes (Nos. 1 -3) containing o-NPOE as a plasticizer in the absence of NaTPB display good sensitivity (two-third of sensitivity of the membrane No. 8 containing o-NPOE and NaTPB), while the sensitivities of the membranes (Nos. 10, 11) containing DBP or BA as a plasticizer and NaTPB are the same as the sensitivity of membrane No. 3. This is due to the high dielectric constant of o-NPOE which facilates the extraction of Co(II) with a relatively high charge density from water to an organic membrane.
The optimization of the permselectivity of membrane sensors is known to be highly dependent on the incorporation of an additional membrane component. 22 In fact, it has been demonstrated that the presence of lipophilic negatively charged additives improves the potentiometric behavior of certain selective electrodes, not only by reducing the ohmic resistance, 23, 24 improving the response behavior and selectivity, 25, 26 but also, in cases where the extraction capability of the ionophore is poor, by enhancing the sensitivity of the membrane electrode. 27 Moreover, the additives may catalyze the exchange kinetics at the sample-membrane interface. 28 Table 2 shows that in the presence of 3% NaTPB as a suitable additive, the slope of the proposed sensor increases from 20.1 (No. 3) to 29.8 mV (No. 8).
Working concentration range and slope
The potential response of the membranes as a function of the Co 2+ activity is shown in Fig. 4 . It can be seen that the membrane (No. 8 in Table 2 ) exhibits a wide working concentration range (1.0 × 10 -1 -4.0 × 10 -6 M) with a detection limit of 9.0 × 10 -7 M Co(II), and a Nernstian slope of 29.8 mV/decade of activity.
Lifetime and reproducibility of the sensor
The membranes were used over a period of two months without showing any significant changes in the potentials. During usage, they were stored in a 0.01 M Co 2+ solution and re-equilibrated with a 0.1 M Co 2+ solution whenever any drift in the potentials was observed. Repeated monitoring of the potentials (20 measurements) at 1.0 × 10 -3 M concentration gave a standard deviation of 0.6 mV.
Influence of the pH
The pH dependence of the electrode potential was tested over the range of 1.0 -11.0, for a 1.0 × 10 -3 M solution Co(II) ions (Fig. 5) . The pH of the solutions was adjusted by the addition of HNO3 and NaOH. It is clear from Fig. 5 interference.
Dynamic response time
The dynamic response time is an important factor for any ionselective electrode. In this study, the practical response time was recorded by changing the Co 2+ concentration in the solution over a concentration range of 1.0 × 10 -1 M to 1.0 × 10 -6 M. The actual potential versus time traces are shown in Fig. 6 . As can be seen, in the whole concentration range, the electrode reaches its equilibrium response in a very short time (< 25 s). This is most probably due to the fast exchange kinetics of the complexation-decomplexation of Co 2+ ion with the ionophore at the test solution-membrane interface.
To evaluate the reversibility of the electrode, a similar procedure in the opposite direction was adopted.
Potentiometric selectivity
The influence of interfering ions on the response behavior of ion-selective membrane electrodes is usually described in terms of the selectivity coefficients. The potentiometric selectivity coefficients of the cobalt membrane sensor were evaluated by the matched potential method (MPM). 29 The resulting values of the selectivity coefficients are summarized in Table 3 . As shown in Table 3 , for all of the bivalent alkaline earth and transition metal ions tested, the selectivity coefficients (for the best composition, No. 8) are in the order of 2.51 × 10 -3 or smaller, which seems to indicate negligible interferences in the performance of the electrode assembly. Such remarkable selectivity of the Co(II) membrane sensor over other metal ions reflects the high affinity of the oxime used as an ion carrier toward the Co 2+ ions. Table 4 compares the response time, detection limit, linearity concentration range and major interfering ions of the proposed sensor with those reported for Co(II) membrane sensors. As can be seen, the sensor not only in the case of the response time and detection limit, but also in the case of the selectivity coefficients is superior to the previously reported cobalt ionselective membrane electrodes.
Analytical Application
The membrane sensor was successfully used in the potentiometric titration of Co(II) with EDTA. A 25.0 ml (1.0 × 10 -4 M) solution of Co(II) was titrated with a 1.0 × 10 -2 M solution EDTA (pH = 9.0) (Fig. 7) . As is obvious from Fig. 7 , the sharp break point corresponds to the stoichiometry of the Co-EDTA complex.
To assess the practical applicability of the sensor in real samples, an attempt was made to determine cobalt in wastewater samples from the electroplating industry. The electrode was also successfully applied to the direct 
